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Abstract 
This study aims to develop an efficient rule for scheduling robotic flexible assembly cells (RFACs). The proposed scheduling rule 
is called fuzzy sequencing rule (FSR) which is constructed by combining different input variables: processing time, due date, batch 
size and number of required assembly stations, using the fuzzy logic (FL) technique. Two independent performance measures are 
considered: makespan and maximum of tardiness. Simulation software named SIMPROCESS is used to examine the performance 
of FSR compared with existing scheduling rules. Simulation results show that the proposed rule outperforms the common 
scheduling rules. 
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1. Introduction 
Due to the needs of flexibility, dexterity and quality, 
industrial companies aim to develop systems that are 
adaptable to manufacture products and responding to 
unpredictable demands [1, 2].  
Robotic Flexible Assembly Cells (RFACs) is an 
integrated system, includes at least two of robotic 
assembly stations linked by an automated material 
handling system, all controlled by a central computer [3, 
4]. The potential benefits of RFACs are the flexibility to 
assemble a variety of products, as well as the ease to 
reconfigure [3]. Nevertheless, two robots (or more) 
operating simultaneously in the same work environment 
require a complex scheduling policy to prevent 
collisions between robots and other equipment in the cell 
[4]. The scheduling of the RFAC requires finding a way 
to determine how to use cell resources in an optimal 
manner to assemble multi-products.  
Few studies have been devoted to scheduling RFACs. 
These studies can be categorised into three approaches. 
First, the studies which applied heuristic approaches to 
solve scheduling problems such as Lee and Lee [5], Nof 
and Drezner [6], Lin et al. [7], Pelagagge et al. [8], 
Sawik [9], Jiang et al. [10] and Rabinowitz et al. [11]. 
Second, the studies which investigated simulation as an 
approach to scheduling RFACs, for instance, Glibert et 
al. [12], Hsu and Fu [13] and Basran et al. [14]. Third, 
only two studies, Brussel et al. [15] and Dell Valle and 
Camacho[16], who implemented expert systems 
approaches to solve scheduling problems. Based on the 
previous studies, the major limitation is that these 
studies are arranged to assemble only one product type. 
In our recent study [17], scheduling RFACs for 
concurrent assembly of multi-products has been 
proposed using common scheduling rules.  
Scheduling rules are used for preparing the sequence 
of jobs in job shop. The rules are employed to improve 
the system performance such as minimise makespan, 
minimise tardiness or maximise throughput [18]. 
Unluckily, the common rules are not satisfied to 
minimise the most of performance measures. For 
example Earlier Due Date (EDD) and Critical Ratio 
(CR) are efficient at delivering on due date, but may 
leads to decrease throughput unlike Short Processing 
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Time (SPT) and Long Processing Time (LPT). 
Therefore, The main contribution of this paper are to 
develop a new scheduling rule, for multiple performance 
measures, based on fuzzy logic for scheduling RFACs in 
a multi-product assembly environment, and then validate 
the performance of suggested rule using simulation 
software. 
Two independent Performance measures are 
considered in this study: Makespan (Cmax) and Maximum 
of tardiness (TDmax). 
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where Ci is the makespan of product i, Di is the due 
date of product i, and p is the product index. 
2. Fuzzy logic approach 
Fuzzy logic (FL) was introduced first by Zadeh in 
1965 [19]. FL is a nonlinear mapping of an input data 
vector into a scalar output. Generally, a fuzzy logic 
system (FLS) consists of four main components [20, 21] 
knowledge base, fuzzification, inference engine and 
defuzzification. The important component in a FLS is 
the knowledge base. Three steps are prepared to 
establish a knowledge base. 
2.1. Linguistic Variables 
A linguistic variable is the procedure to describe 
variables in terms of words instead of the values. In 
general, a linguistic variable is decomposed into a set of 
terms called linguistic terms, denoted by T. For example, 
if processing time is interpreted as a linguistic variable, 
to qualify the processing time, terms such as (Short, 
Medium and Long processing time) are used in a real 
industry context. These terms are called a fuzzy set of 
the processing time. Hence, linguistic variable of 
processing time could be T (processing time) = {Short, 
Medium, Long}. 
2.2. Membership functions 
A membership function (MF) embodies a fuzzy set Ã 
graphically. The values of the membership functions are 
between 0 and 1, denoted by μÃ (x) where x is an 
element of Ã, these values called degree of membership. 
Different types of membership functions shapes such as 
triangular, trapezoidal, Gaussian, singleton. The most 
well-known of membership functions are triangular and 
trapezoidal shapes [21]. These membership functions are 
employed in this study, as shown in Fig 1. 
 
Fig. 1. Two examples of fuzzy numbers, triangular and trapezoidal 
2.3. Fuzzy rules 
A fuzzy rule is structured to control the output 
variable. A fuzzy rule has two parts: the antecedent and 
the consequent as follow IF <antecedent> THEN 
<consequent>. For instance, IF x is A THEN y is B; 
where x and y are variables; A and B are linguistic 
variables determined by fuzzy sets. 
3. The RFACs model 
The RFACs studied in this paper consists of three 
physical resources; robot, part feeder and conveyor, 
depicted in Fig 2. Robots (R1 and R2) are using for 
fetching the assembled parts and placing them at 
assembly stations (S1, S2 and S3). Part feeder (PF) 
supply parts to the assembly cell. An input conveyor 
(IC) supply base part to the cell and the output conveyor 
(OC) is for conveying out a final product. 
3.1. Assumptions 
1. Optimum assembly sequence is given in advance. 
2. Each robot can perform only one task at a time. 
3. Each robot has multi-purpose end effectors. 
4. No interruption like resources breakdown in cell. 
5. The processing time is deterministic. 
 
 
Fig. 2. A robotic flexible assembly cell 
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3.2. Constraints 
To provide a reliable solution to practical cases, the 
following two requirements have been taken into 
account. First, Robot arms cannot move from one place 
to another directly. This can be achieved by assigning 
control points in the cell. Control points are set to 
simplify path planning and avoid collision. For example, 
R1 cannot move from S1 to S2 or PF directly. To move 
from S1 to S2 or PF, R1 should move via control point 
C1. Second, to prevent collisions between robots at 
shared area, more than one robot cannot access the same 
resource concurrently. For instance, just one robot R1 or 
R2 can access IC or OC or S1 or PF or S2 or S3. 
4. Proposed methodology 
The proposed methodology is developed to combine 
all input fuzzy variables in one Scheduling rule. Fig 3 
shows the fuzzy input/output combination. To generate 
FSR, two steps are required, shown below: 
4.1. Determining fuzzy sets and membership functions 
In the current study, each input and output is divided 
into number of fuzzy sets. For example, the input 
variable such as processing time has three fuzzy sets 
(Short, Medium and Long), while the output variable 
product priority has seven fuzzy sets (Very Low, Low … 
Very High). The input/output variables are constructed 
from different types of membership functions. For 
example, both processing time and batch size are 
constructed as triangular shape; number of required 
station is built from trapezoidal shape. While, due date 
and product priority are constructed from triangular and 
trapezoidal, as depicted in Fig 4. 
4.2. Constructing fuzzy rules 
Fuzzy rules are structured to control the output 
variable. These rules can be provide by experts or may 
be extracted from numerical data. Since the variables of 
processing time, batch size, due date have three states 
each and number of required station has two states, the 
total number of fuzzy rules is fifty four (3×3×3×2 = 54), 
these rules are depicted as shown in Fig 6. The final 
output of fuzzy rules used for this methodology is shown 
in Fig 6. The output in this figure can be interpreted, for 
example, as on the following: IF processing time is 
(0.32), due date is (0.25), batch size is (0.50) and 
number of required station is (0) THEN Product priority 
will be (0.45). Fig 7 shows also the 3D surface view 
combination of the product priority and processing time 
variable with other input fuzzy variables: due date, 
number of required station and batch size. 
 
Fig. 3. Fuzzy inference system 
 
Fig. 4. Membership functions for fuzzy input/output variables 
5. Numerical example 
Six different cell phone types are considered to be 
assembled in the RFACs. The required station along 
with assembly operations time for each product type is 
shown in Table 1. This table also includes time of 
activities that are carried out by utilising robots requiring 
assembling product. 
Table 1. Assembly operations requirements. 
Description Station 
Time of Assembly operations 
P1 P2 P3 P4 P5 P6 
Insert lens on front 
cover 
S1 4 3 3 4 3 4 
Insert keypad on 
front cover 
S1 5 4 5 6 4 6 
Assemble PC board 
with front Cover 
S2 6 8 10 9 8 9 
Insert antenna on 
back cover 
S3 9 0 0 9 0 0 
Assemble back 
with front cover 
S2 7 11 10 11 7 10 
Robot move time (s) 23 17 17 23 17 17 
Gripper pickup & release time  6 4 4 6 4 4 
Total processing time (s) 60 47 49 68 43 50 
Fuzzy Inference 
System  
(54Rules) 
mamdani 
Product Priority 
 
 
 
Processing Time 
No. of Required Station 
Batch Size 
Due Date 
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Fig. 5. Fuzzy rules 
 
Fig. 6. Final output of fuzzy rules  
 
Fig. 7. 3D surface plots of the inputs/output 
The input data must be normalised between 0 and 
1. The normalisation was determined by equation 3. In 
this study, the ƞi (k) are the input values of total 
processing time, batch size, due date or number of 
required station.  
ߤ݇݅ ൌ
ቂᐭ݅ሺ݇ሻ െܯ݅݊ᐭ݅ሺ݇ሻቃ
ቂܯܽݔᐭ݅ሺ݇ሻ െܯ݅݊ᐭ݅ሺ݇ሻቃ
ǡ Ͳ ൑ ߤ݇݅ ൑ ͳሺ͵ሻ 
In order to simulate RFACs, three customer’ orders 
are assumed and labelled as order #1, 2 and 3, shown 
in Table 2. Order #1 and #3 consist of six types of cell 
phone, and order #2 is composed of only five types of 
products. Total processing time, Batch size and due 
date for each product types are given in Table 2. 
To examine the effectiveness of the proposed rule 
(FSR), six experiments using common scheduling 
rules are considered. These rules are listed below. 
x Short Processing Time (SPT): select job with 
minimum processing time first. 
x Long Processing Time (LPT): select job with 
maximum processing time first. 
x Earlier Due Date (EDD): jobs are sequenced 
according to their due dates. 
x Random (RAND): jobs are sequenced randomly.  
x Critical Ratio (CR): select job with minimum 
critical ratio first.  
x Minimise Slack Time (MST): jobs are sequenced 
according to urgency of a job by its slack time. 
MST calculated by (due date – current date – 
remaining processing time). 
  1.IF (Processing Time is S) and (Due Date is S) and (Batch Size is S) and (Number of Required Station is H) THEN (Priority is VH) (1) 
  2.IF (Processing Time is M) and (Due Date is S) and (Batch Size is S) and (Number of Required Station is H) THEN (Priority is VH) (1) 
  3.IF (Processing Time is L) and (Due Date is S) and (Batch Size is S) and (Number of Required Station is H) THEN (Priority is H) (1) 
  4.IF (Processing Time is S) and (Due Date is M) and (Batch Size is S) and (Number of Required Station is H) THEN (Priority is H) (1) 
  5.IF (Processing Time is M) and (Due Date is M) and (Batch Size is S) and (Number of Required Station is H) THEN (Priority is H) (1) 
  6.IF (Processing Time is L) and (Due Date is M) and (Batch Size is S) and (Number of Required Station is H) THEN (Priority is AA) (1) 
  . 
  . 
  52.IF (Processing Time is S) and (Due Date is L) and (Batch Size is L) and (Number of Required Station is L) THEN (Priority is L) (1) 
  53.IF (Processing Time is M) and (Due Date is L) and (Batch Size is L) and (Number of Required Station is L) THEN (Priority is VL) (1) 
  54.IF (Processing Time is L) and (Due Date is L) and (Batch Size is L) and (Number of Required Station is L) THEN (Priority is VL) (1) 
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Table 2: Input data 
Order 
No. 
Product 
type 
Proc. 
time 
Batch 
size 
Due 
date 
Station 
No. 
Order 
#1 
P1 180 3 450 3 
P2 282 6 650 2 
P3 245 5 800 2 
P4 204 3 600 3 
P5 215 5 400 2 
P6 300 6 500 2 
Order 
#2 
P1 120 2 1200 3 
P2 282 6 1300 2 
P3 245 5 1400 2 
P4 204 3 1000 3 
P5 172 4 1100 2 
Order 
#3 
P1 240 4 1500 3 
P2 235 5 1900 2 
P3 147 3 1650 2 
P4 204 3 1700 3 
P5 129 3 1850 2 
P6 200 4 2000 2 
6. Results and discussion 
The RFACs was simulated with different 
experiments, using SIMPROCESS simulation 
software [22]. Each experiment is performed with 
different scheduling rule. Experiments numbered 1 to 
6 were run with existing scheduling rules; Experiment 
number 7 was run using developed rule (FSR). Table 3 
gives detailed output results. The simulation results 
indicate that use of common rules does not assured to 
obtain the acceptable results regarding all system 
performance criteria. For example, EDD rule gives 
best mean tardiness and maximum tardiness of 
products. On the contrary, EDD performs poorly 
performance regarding makespan. From these results 
shown in the Table 3, it can be concluded that FSR are 
generally better than all other existing rules. 
The first aspect to discuss is the performance of 
FSR with respect to makespan criterion. FSR has the 
best performance, FSR is best by 9% from EDD and 
CR, and more than 7% of the time compared with 
MST, RAND and LPT, and 4.2% from SPT, as shown 
in Fig 8-A. 
For the maximum tardiness of products criterion, 
FSR and EDD rule have the best performance 
followed by MST and CR, while RAND, SPT and 
LPT have the worst performance, as given in Fig 8-B. 
 
Table 3:  Summary of simulation results 
Exp. Order No   Sequence Cmax 
(Sec) 
TDmax 
(Sec) 
SPT 
# 1 1 - 4 - 5 - 3 - 2 - 6 764 264 
# 2 1 - 3 - 5 - 4 - 2 1287 181 
# 3 5 - 3 - 6 - 4 - 2 - 1 1920 420 
LPT 
# 1 6 - 2 - 3 - 5 - 4 - 1 761 311 
# 2 2 - 4 - 5 - 3 - 1 1326 126 
# 3 1 - 2 - 4 - 6 - 3 - 5 1991 256 
EDD 
# 1 5 - 1 - 6 - 4 - 2 - 3 790 0 
# 2 4 - 5 - 1 - 2 - 3 1358 0 
# 3 1 - 3 - 4 - 5 - 2 - 6 2023 25 
RAN 
# 1 3 - 2 - 4 - 6 - 1 - 5 791 391 
# 2 3 - 2 - 1 - 5 - 4 1353 353 
# 3 3 - 1 - 2 - 5 - 6 - 4 1998 298 
CR 
# 1 6 - 5 - 1 - 2 - 4 - 3 787 52 
# 2 4 - 5 - 2 - 1 - 3 1356 70 
# 3 1 - 4 - 3 - 2 - 5 - 6 2020 63 
MST 
# 1 5 - 6 - 1 - 4 - 2 - 3 766 0 
# 2 4 - 5 - 2 - 1 - 3 1335 52 
# 3 1 - 3 - 4 - 2 - 5 - 6 2006 53 
FSR 
# 1 1 - 4 - 5 - 6 - 3 - 2 718 68 
# 2 4 - 1 - 5 - 3 - 2 1239 0 
# 3 1 - 4 - 3 - 5 - 6 - 2 1839 0 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8-A. Simulation results for common scheduling rules and FSR 
7. Conclusion 
In this study, the new scheduling rule based on 
fuzzy approach is developed for scheduling RFACs to 
minimise the makespan and maximum of tardiness.  
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Fig. 8-B. Simulation results for common scheduling rules and FSR 
The proposed rule (FSR) is constructed from 
different fuzzy input variables: processing time, due 
date, batch size and number of required stations. The 
product priority is the fuzzy output variable, 
illustrating the priority status of a product to be 
selected for the next assembly operation in a cell.  
Several experiments were performed via simulation 
to investigate the effectiveness of the FSR. These 
experiments demonstrate positive improvement and 
promising results. The performance of the FSR is 
more efficient to that of common scheduling rules 
when using the same data. 
For future work, several directions are planned. The 
first direction is to implement the optimisation method 
such as neural network to map the membership 
functions of fuzzy input variables. The other direction 
is to modify the proposed methodology to be more 
realistic with real scheduling problems, by assume set 
of orders change over time instead of known in 
advance of scheduling. 
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